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ABSTRACT To evaluate the kinetics of immune
response to vaccines in chickens, antibody response
curves were approximated to the observed antibody
ratios by using a nonlinear regression function. New
parameters, the curve maximum (ymax) and the time of
the maximum (tmax), were calculated. The method was
applied to analyze the kinetics of the serum antibody
response to Mycoplasma gallisepticum (MG) and
Pasteurella multocida (PM) vaccines in White Leghorn
lines selected, in replicate, for 10 generations for high
(High) and low (Low) multitrait immune response.
Chicks were immunized at 6 wk of age with both
vaccines. Serum antibody levels were analyzed before
(0) and 1, 2, 3, 4, 5, 12, and 21 wk postvaccination (wpv).
The High lines displayed a significantly higher response
than Low to both MG and PM. The difference in ymax
between High and Low lines was 3.25-fold for PM
response and 1.5-fold for MG response. Low lines had a
significantly (P < 0.05) later tmax than High lines to MG,
but not to PM. There was a significant (P < 0.05) positive
correlation between the antibody responses to MG and
PM, in High lines for the antibody ratios 0, 3, and 21
wpv and in Low lines for 0, 12, and 21 wpv. The ymax
and tmax of antibody responses to the two vaccines were
not correlated. The results on the kinetic differences of
the antibody responses to MG and PM suggest that the
kinetics and persistence of antibody reaction have
different genetic regulation in response to each vaccine.
(Key words: chicken, antibody response, kinetics, selection, vaccine)
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INTRODUCTION
The immune system defends the organism against
infectious diseases and aberrant cell growth. One of the
major immunological defense mechanisms is the hu-
moral immune response, which is mediated by serum
antibodies secreted by B cells. In addition to the strength
(level) of the antibody response, the kinetics of the
reaction may play an important role in immunological
defense.
Genetic variation of the antibody response has been
studied extensively in several species. Pioneered by
Biozzi and coworkers, selection experiments using a
variety of antigens have been done in mice (Biozzi et al.,
1979, 1984), guinea pigs (Ibanez et al., 1980), chickens
(Siegel and Gross, 1980, Pevzner et al., 1981a,b; van der
Zijpp et al., 1983), and quails (Miller et al., 1992a). In all
these experiments, the antibody titer at a single time
point was used to characterize the antibody response;
hence, individual differences in the kinetics of antibody
response were not considered in the selection. However,
in several other experiments, differences in the antibody
reaction kinetics have been reported between chicken
lines divergently selected for high and low antibody
response to sheep erythrocytes (Martin et al., 1989,
Kreukniet and van der Zijpp, 1990), as well as between
breeds of different genetic origin (van der Zijpp, 1983).
Munns and Lamont (1991) reported differences in the T
cell-dependent antibody reaction to sheep erythrocytes
and T cell-independent reaction to Brucella abortus (BA)
antigen at different ages of chickens. They suggested
that the kinetics of the antibody response to different
antigens may be influenced by the different immunolog-
ical pathways triggered by the two antigens.
The humoral immune reaction to the first exposure of
an organism to any specific antigen is referred to as the
primary response. The primary response has general
characteristics that may be divided into several phases:
1) a latent phase, the period shortly after initial antigen
exposure, in which no antibodies are detectable in the
blood serum, 2) an exponential production phase of
antibodies, in which the level of antibodies in the blood
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rapidly increases, 3) a steady-state phase, a period in
which the production and degradation of antibodies are
balanced, and 4) a declining phase, in which the
concentration of antibody in serum rapidly declines
(Benjamini and Leskowitz, 1991).
To describe the time course of serum antibody
development, a new mathematical method has been
reported (Weigend and Mielenz, 1992, 1995). Siegel et al.
(1984) proposed a quadratic equation to describe the
dynamics of the antibody response to Salmonella pullo-
rum in Japanese quail. The nonlinear regression function
used in the present investigation has been similarly
designed to the mathematical models created to describe
the egg production in laying hens (McMillian et al.,
1970). This model can be used to approximate the
specific curves to the individually measured antibodies.
The maximum of the approximated curve, ymax, and the
time of the maximum, tmax, serve as new parameters to
quantify the immune response. The parameter ymax
gives an estimate of the maximum strength of the
antibody reaction. The parameter tmax provides a
measure of the time course of the response, which
cannot be quantified by using single antibody ratios
alone. Hence, these two new parameters provide
information on the estimated reaction kinetics that is not
available with only a single time point measurement.
The two new parameters, ymax and tmax, can be used to
more readily compare the reaction pattern of the
humoral immune response between groups of animals.
In the present study, this mathematical method was
used to evaluate the antibody response kinetics in a data
set on Mycoplasma gallisepticum (MG) and Pasteurella
multocida (PM) vaccine response in chicken lines diver-
gently selected for multitrait immunocompetence.
MATERIALS AND METHODS
Chickens
The divergent selection for multitrait immunocompe-
tence to produce lines used in this study has been
previously described (Cheng et al., 1991; Kean et al.,
1994a,b). Briefly, White Leghorn lines, originating from
the Ottawa control strain 7 (Gowe and Fairfull, 1980), were
divergently selected for high (High) and low (Low)
immune response by using a multitrait immune response
index. For each direction, lines were selected in replicate.
The selection index was based on humoral immune
response to MG and PM measured 3 wk after vaccination
(wpv), cell-mediated immune response estimated by
using the wing-web response to phytohemagglutinin, and
reticuloendothelial clearance of colloidal carbon as a
measure of the phagocytic ability. Birds of the 10th
selection generation were used to study the antibody
reaction kinetics to MG and PM. In total, 100 birds (25 per
selection direction per replicate) were used in this study.
All chickens were kept in floor pens and were provided ad
libitum access to feed and water (meeting or exceeding all
NRC, 1994 requirements). The birds were immunized
with Marek’s disease vaccine (HVT)4 at 1 d of age, fowl
pox vaccine5 at 3 wk, and Newcastle-bronchitis vaccine4 at
4 wk.
Antigen Administration, Sample
Collection, and Antibody Assays
At 6 wk of age, all birds were vaccinated with 0.5 mL M.
gallisepticum bacterin4 i.m. in the breast muscle and 0.5 mL
P. multocida bacterin4 s.c. in the neck. These were
commercially purchased vaccines containing chemically
inactivated bacteria in oil emulsion, used at the manufac-
turer’s recommended dose volume. A blood sample of
approximately 1.0 mL was taken from the wing vein
before vaccination (0) and 1, 2, 3, 4, 5, 12, and 21 wpv.
Samples were centrifuged (1,000 ´ g for 10 min), and sera
were collected and stored frozen until all assays were run
simultaneously. Serum samples were analyzed for anti-
body levels to MG and PM by using commercial ELISA6
kits according to the manufacturer’s directions. Serum
antibody levels were calculated as ratios of the individual
sample relative to a positive control corrected by the plate
negative control as previously described (Kean et al.,
1994a).
Statistical Analysis
Specific curves were approximated to the antibody
ratios measured by using the nonlinear regression
function:
y(t) = A ´ (1 + d) ´ exp(–b ´ t)/
[1 + d ´ exp(–c ´ t)]
[1]
where y is the individual antibody ratio, A is the antibody
ratio before vaccination, t is the time after vaccination
(wpv), and b, c, d are the parameters of the nonlinear
regression function. The parameter A was fixed with
y(0) = A [2]
The nonlinear regression function consists of two
terms. The increasing phase of the response curve is
characterized by using the function 1/[1 + d ´ exp(–c ´ t)]
(reviewed by Sager, 1983). The increasing slope of the
curve depends on the parameter c. The term exp(–b ´ t)
describes the exponential decrease of the curve, and the
parameter b is associated with the decreasing slope of the
curve. The term A ´ (1 + d) sets an asymptotic boundary of
the estimated antibody ratios. Hence, the product A ´ d
represents the maximum possible increase of the esti-
mated antibody level.
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FIGURE 1. Curve maximum (ymax) and time of the curve maximum (tmax) of curves approximated to the antibody ratios serve as new parameters
to evaluate the antibody response (example shows approximated antibody response toMycoplasma gallisepticum (MG) in chickens selected for high (H)
multitrait immune response).
Antibody curves were approximated, for each in-
dividual, to the antibody ratios measured within a period
of 21 wpv. From the approximated curves, the curve
maximum (ymax) and the time of the maximum (tmax)
were calculated as illustrated in Figure 1. In a few
instances, the observed antibody ratios increased continu-
ously for at least 21 wpv, when the last blood samples
were taken (data not shown). Those animals might
represent very late responders. It was impossible,
however, to compute a curve maximum within the time
period examined in the instance of continuously increas-
ing antibody ratios. The few animals without a decrease in
antibody ratios within 21 wpv were therefore excluded
from further analyses and only animals with an estimated
curve maximum were used for line comparison.
Means and standard deviations of the antibody ratios at
each measured time point, as well as of the new traits,
ymax and tmax, for the antibody response to MG and PM
are reported. Differences in means were tested for
significance by using the nonparametric U test. The
correlations were calculated as Spearman rank correlation
coefficients. Statistics were done by using the SASâ
statistics program package (SAS Institute, 1985). The
curve approximation was based on a modified Gauss-
Newton algorithm (Schmidt, 1982), with a FORTRAN
program written for that purpose.
RESULTS
Serum antibody responses to MG and PM were
measured for 21 wpv in chickens selected in replicate
lines for 10 generations for high (High) or low (Low)
multitrait immune response. Significant differences were
not found between replicates of the same selection
direction for either antibody response (data not shown).
The replicates of the same selection direction were
therefore merged for subsequent analyses and referred
to as High or Low lines.
The mean antibody ratios to MG and PM of the High
and Low replicate lines are presented in Table 1. For
both antigens, the High lines displayed a higher
response than Low lines. High and Low lines signifi-
cantly (P < 0.05) differ for all MG antibody ratios
measured after vaccination. In comparing the PM
antibody response between High and Low lines, a
significantly different response was found at all in-
dividual sampling times from 3 through 21 wpv. For PM
response, the highest antibody ratios in both High (4.86)
and Low (1.53) occurred 5 wpv; that is, at the same time
for High and Low lines. For MG response, the maximum
antibody ratios of High (5.30) and Low (3.23) were also
detected at the same time, in this instance at 12 wpv.
However, in High lines, the antibody ratios to MG
between 5 and 12 wpv increased only 0.17 units (from
5.13 to 5.30) whereas a 1.8-fold increase (1.44 units) from
1.79 to 3.23 units occurred in Low lines within the same
interval.
In the protocol used to select breeders of the
multitrait immune response-selected lines, serum anti-
body ratios were measured 3 wpv. At 3 wpv in the
current study, the difference in antibody ratios between
High and Low lines was about 4.5-fold for MG and
3.1-fold for PM in the current study. In comparing line
responses at the time that the maximum antibody ratios
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TABLE 1. Means and standard deviations of the antibody response to Mycoplasma gallisepticum
(MG) and Pasteurella multocida (PM) in chickens selected for high (H)
and low (L) multitrait immune response
a,bMeans in a row within a response group with no common superscript differ significantly (P £ 0.05).
1Number of animals included in the analyses.
2Weeks after vaccination.
3Curve maximum of the approximated antibody response curves.
4Time of the curve maximum measured in week after vaccination.
MG response PM response
H L H L
Traits n1 x SD n x SD n x SD n x SD
Antibody ratios
(wpv)2
0 45 0.42 0.82 36 0.23 0.09 45 0.29 0.39 40 0.23 0.09
1 44 0.31a 0.15 35 0.25b 0.08 44 0.37 0.16 39 0.43 0.52
2 44 2.24a 1.31 35 0.55b 0.26 44 1.41 1.62 40 0.86 0.75
3 45 4.06a 2.15 36 0.91b 0.60 45 3.20a 2.66 40 1.02b 0.82
4 44 4.60a 2.00 35 1.28b 1.01 45 3.81a 2.74 39 1.29b 1.04
5 45 5.13a 2.21 34 1.79b 1.37 45 4.86a 2.82 39 1.53b 1.03
12 43 5.30a 3.05 35 3.23b 2.20 42 1.91a 1.01 38 0.84b 0.61
21 44 2.78a 1.37 36 1.61b 0.92 44 1.10a 1.02 40 0.60b 0.28
Curve traits
ymax3 45 6.73a 2.96 36 4.55b 3.20 45 5.50a 3.68 40 1.69b 1.07
tmax4 45 6.24b 2.41 36 10.65a 3.94 45 5.61 1.59 40 5.67 3.04
FIGURE 2. Average antibody response curves to Mycoplasma gallisepticum (MG) and Pasteurella multocida (PM) vaccine approximated to the
antibody ratios measured several times during a period of 21 wk after vaccination of chicken lines selected for high (H) and low (L) multitrait
immune response.
were measured in this experiment, the High and Low
replicate lines displayed a 1.6-fold difference in antibody
reaction for MG response, which occurred at 12 wpv,
and a 3.2-fold difference in PM response, which
occurred at 5 wpv.
The average curves of High and Low line response,
approximated to the mean antibody ratios of MG and
PM vaccines (Table 1) are displayed in Figure 2. Because
the mean values of ymax and tmax in Table 1 have been
calculated from individually approximated curves, they
slightly differ from the line values presented in Figure 2.
The ymax of the individually approximated antibody
response curves significantly differ between the High
and Low replicate line for responses to both MG and
PM, with an approximately 1.5-fold difference in MG
response and a 3.25-fold difference in PM (Table 1).
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FIGURE 3. Distribution of tmax of the antibody response curves to Mycoplasma gallisepticum (MG) in chickens selected for high (H) and low (L)
multitrait immune response.
FIGURE 4. Distribution of tmax of the antibody response curves to Pasteurella multocida (PM) in chickens selected for high (H) and low (L)
multitrait immune response.
Thus, the magnitude of the differences between High
and Low lines were similar for comparison of either the
highest antibody ratios measured at a single time point
or the maxima of the approximated antibody curves.
As characterized by the parameter tmax, the Low
lines displayed a delayed antibody reaction in compari-
son to the High lines to the MG, but not to the PM,
vaccine (Table 1). The tmax of High and Low lines to PM
were estimated at very similar times, 5.61 and 5.67 wpv,
respectively. In contrast, the calculated value of tmax for
the antibody response to MG was 6.24 wpv in High lines
and 10.65 wpv in Low lines.
The standard deviations of the immune response
traits were high, indicating that there is a large variation
of the antibody response to MG and PM even after long-
term selection for these traits. For the kinetics of the
antibody reaction, the phenotypic distribution of tmax to
MG and PM ranged from 2 to 18 wk; i.e., a range of 16
wk (Figures 3 and 4). In Low lines as well as in the High
lines, there are animals with a very fast reaction,
reaching the curve peak by 2 wpv. In contrast, especially
in the MG response of Low lines, there were some
animals with a very late curve maximum of between 16
and 18 wpv.
To analyze the relationship between the immune
reaction to MG and PM vaccines, Spearman rank
correlation coefficients were calculated between the
observed antibody ratios as well as ymax and tmax
(Table 2). Correlation coefficients ranged from –0.38 to
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TABLE 2. Spearman rank correlation coefficients between the
antibody response to Mycoplasma gallisepticum (MG) and
Pasteurella multocida (PM) in chicken lines selected for
high (H) and low (L) multitrait immune response
1Number of animals included in the analyses.
2Week after vaccination.
3Curve maximum of the approximated antibody response curves.
4Time of the curve maximum measured in week after vaccination.
*P £ 0.05.
Antibody
ratios H (n1 = 43) L (n = 29)









Curve traits rantibody response curve traits MG, PM
ymax3 0.24 0.10
tmax4 0.15 –0.38
0.53 in the Low lines and from 0.05 to 0.45 in the High
lines. The prevaccination antibody ratios to MG and PM
were positively correlated in both the High and the Low
replicates. At 3 wpv, a significantly positive correlation
coefficient of 0.45 between the PM and MG antibody
ratios was found only in the High lines. Significantly
positive correlations between the antibody ratios to MG
and PM were found at times later than the 3 wpv time
used for line selection, at 12 and 21 wpv in Low
replicates and at 21 wpv in High replicates. However,
the curve maxima (ymax) and the reaction kinetics
estimated by tmax of the antibody response to MG and
PM were not correlated in either High or Low replicates.
DISCUSSION
The time course of the humoral immune response
may be of importance in controlling infection by
invading pathogens. For example, in broiler chickens,
selection for early high or low antibody response to
Escherichia coli at 10 d of age has been successful (Leitner
et al., 1992). Kinetic differences in antibody production
after E. coli vaccination positively affected the survival
rate after pathogen challenge in chickens selected for
early high response. It may be that the faster the host
organism is able to produce high levels of antibody, the
better the chance to survive after pathogen challenge.
Therefore, it is of interest to develop mathematical
approaches to describing the important features, such as
strength and rapidity, of immune responses that vary
over time. In this study, the kinetics of the humoral
immune response to MG and PM vaccines were
analyzed in chicken lines divergently selected either for
high or low multitrait immune response.
Individual curves were approximated to the MG and
PM antibody ratios measured several times within a
period of 21 wpv. The curve approximation was based
on a nonlinear regression function, which has already
been successfully used to describe the reaction kinetics
of antibody response to sheep erythrocytes in chickens
(Weigend and Mielenz, 1992, 1995). The time points
chosen for measuring the antibody ratios included the
time point of measurements used in the selection
program, two weekly intervals both before and after
that time, and points 6 and 15 wk after the last weekly
interval measurement. These times were chosen to
include the expected increasing and decreasing phases
of the antibody responses. Although the antibody ratios
between 5 to 12 and 12 to 21 wpv were not determined,
and therefore tmax and ymax might be slightly underes-
timated, the weekly measurements between 0 and 5
wpv, and again at 12 and 21 wpv provide a sufficient
basis for curve approximation. However, the accuracy of
the curve approximation and the estimated values of the
parameters tmax and ymax will always depend on the
specific time points used for individual measurements,
and hence on the specific conditions of any experiment.
In other experiments, a quadratic equation has been
used to approximate specific antibody response curves
to S. pullorum in Japanese quail (Siegel et al., 1984) and to
SRBC in chickens (Lepage et al., 1996). In the cases in
which three time points for measuring the antibody
response were chosen, the regression coefficients of the
quadratic equation can be directly calculated. Hence, the
maximum curve peak and the time belonging to the
maximum can be achieved in a very easy way. In the
present study, the nonlinear regression function used
covers a time period of 21 wpv based on eight
measurements in total. This method may be useful when
a larger number of measurements have been involved,
including several measurements during the increasing
phase, the decreasing phase, and the initial part of the
persistence phase of the antibody reaction.
The antibody ratios at single time points as well as
the curve peak ymax are significantly (P < 0.05) higher in
High than in Low lines for responses to both vaccines.
The phenotypic differences in the strength of the
humoral immune response to MG and PM between
High and Low lines likely result from the previous
selection over 10 generations. The differences between
High and Low lines in antibody response to both
vaccines at 3 wpv were further increased in this study
over that reported for the fifth to seventh selection
generations of these lines (Kean et al., 1994a). In specific,
the High line antibody ratios to MG and PM increased,
whereas the MG and PM antibody ratios of the Low
lines were within the same range as in the fifth to
seventh generations. This finding suggests that response
to divergent multitrait immunocompetence selection is
asymmetrical, as has also been found in selection for
antibody response to SRBC in chickens (Pinard et al.,
1992).
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The kinetics of the serum antibody response is
characterized by the curve parameter tmax. In contrast
to the PM response, which had a similar tmax in High
and Low lines, the more rapid increase of the antibody
response to MG in High lines than Low lines during the
5 wpv (reflected by significant differences of tmax)
implies kinetic differences between the selected lines
response. Although tmax was estimated between 6 and 7
wpv in High lines, it did not occur until 10 to 11 wpv in
Low lines. Although the highest single time point
antibody ratios to MG in the High lines were also found
12 wpv, the antibody response greatly increases between
1 and 5 wpv, and after that time it only slightly
increases up to 12 wpv, whereas in the Low lines a
continuous gradual increase was found from 1 up to 12
wpv. In High lines, the steady-state phase of the
antibody response to MG was already reached at 5 wpv
and appeared to be maintained over a long time of
about 7 wk, and tmax of the response curve was
estimated within this phase of the reaction. The long
persistence of the antibody response to MG may be
associated with properties of the specific antigen. A long
persistence of IgG antibodies to MG over a period of 6
mo and greater has been described for MG, but not for
PM antibody response (Heider and Monreal, 1992). The
correlation of the MG and PM antibody ratios at 12 and
21 wpv indicates that the ability to maintain the
antibody response for a long time after vaccination is
positively associated for antibody responses to both
vaccine antigens. Such a general effect would be of
importance in improving immunological defense in-
duced by vaccination. The significant correlation be-
tween the background antibody levels before immuniza-
tion may be caused by maternal antibodies in the
6-wk-old chicks.
The actual long-term selection for high and low
immune response in these lines was done by using the
antibody ratios measured at 3 wpv and other im-
munocompetence assays. However, the present study
showed that the 3-wk antibody ratios did not give the
maximum reaction for the response to either MG or PM
in either the High or Low lines. The maximum antibody
response occurred much later than 3 wpv and at
different times for MG and PM in the High and Low
lines. In the period of 1 to 5 wpv, only in the High line,
and there only at 3 wpv, were the antibody ratios to MG
and PM positively correlated. This correlation might be
an effect of selection using the antibody ratios to MG
and PM at 3 wpv to genetically enhance the antibody
response to both antigens in the High lines. At no other
time were the antibody ratios that were measured at
individual time points, nor ymax, correlated in either
High or Low lines. Moreover, the tmax parameters were
not correlated between the responses to the two
antigens, indicating that the kinetics of serum antibody
response to one vaccine was not associated with that of
the other vaccine. The results suggest that the selection
has genetically modified the antibody response to both
vaccines measured 3 wpv, but the comprehensive
kinetics of the antibody response to MG and PM
vaccines might be regulated in different ways.
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